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Previously we have presented evidence for stripe order of holes and spins in La1.6−xNd0.4SrxCuO4
with x = 0.12. Here we show, via neutron diffraction measurements of magnetic scattering, that
similar order occurs in crystals with x = 0.15 and 0.20. Zero-field-cooled magnetization measure-
ments show that all 3 compositions are also superconducting, with the superconducting transition
temperature increasing as the low-temperature staggered magnetization decreases.
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Neutron scattering studies [1,2,3,4,5,6,7] of dynamical
magnetic correlations in superconducting La2−xSrxCuO4
have provided important clues to the nature of electronic
correlations within the doped CuO2 planes. The low-
energy magnetic scattering, which is characterized by the
two-dimensional antiferromagnetic wavevector QAF =
(1
2
, 1
2
) (measured in units 2π/a) at low doping, shifts
to positions (1
2
± ǫ, 1
2
) and (1
2
, 1
2
± ǫ), with ǫ ≈ x for
x > 0.05 [7]. In one common interpretation [8,9,10,11],
the incommensurate peaks are viewed as the dynami-
cal response of a spatially uniform electron liquid with
a nearly-nested Fermi surface. From a rather different
perspective, the Q-dependent structure is taken as ev-
idence for spatial inhomogeneity associated with charge
segregation [12,13,14] or charge-density-wave correlations
[15,16,17,18]. Evidence for the latter picture is provided
by our recent discovery [19,20] of incommensurate charge
and spin order in La1.6−xNd0.4SrxCuO4 with x = 0.12;
however, given the claim [21] that bulk superconductivity
is absent at this composition, one might choose to argue
that these results are not directly relevant to the case of
superconducting samples.
To test the relationship between charge-stripe order
and superconductivity, we have now investigated two
other Sr concentrations, x = 0.15 and 0.20. Our neu-
tron diffraction measurements on single-crystal samples
reveal elastic incommensurate magnetic peaks for both
compositions, thus demonstrating the presence of charge-
stripe order. Since the x = 0.20 crystal was known to be
superconducting from previous work [22], we decided to
check the x = 0.12 and 0.15 crystals for superconductiv-
ity as well. To our surprise, zero-field-cooled susceptibil-
ity measurements exhibit a bulk shielding signal for all
three compositions. Since both the incommensurate peak
splitting, ǫ, and the superconducting transition temper-
ature vary with x, the results strongly suggest a local
coexistence of superconductivity and stripe order. The
fact that Tc decreases as the staggered magnetization in-
creases indicates that these two types of order compete
with one another [23]. Furthermore, since the variation
of ǫ with x in the Nd-doped crystals is essentially identi-
cal to that obtained from recent inelastic measurements
[7] on crystals of La2−xSrxCuO4, it seems inescapable
that dynamical charge-stripe correlations are present in
the optimally doped material.
The crystals studied in this work were grown at the
University of Tokyo using the traveling-solvent floating-
zone method. The transport properties of the x = 0.12
and 0.20 compositions were reported several years ago
[22]; the x = 0.15 and further x = 0.12 crystals were
grown more recently. The neutron diffraction measure-
ments on the x = 0.15 and 0.20 crystals were per-
formed on triple-axis spectrometers at the High-Flux
Beam Reactor, Brookhaven National Laboratory, uti-
lizing cryostats and spectrometer conditions similar to
those used in the previous work on x = 0.12, which is
described in detail elsewhere [19,20].
Scans through the magnetic peaks at Q = (1
2
± ǫ, 1
2
, 0)
are shown in Fig. 1. Sharp elastic peaks (with resolution-
limited widths in these coarse-resolution scans) are found
for all three Sr concentrations. The peak splitting param-
eter, ǫ, is distinctly different in each sample, and clearly
increases with x. The temperature dependences of the
magnetic peak intensities (normalized to sample volume)
are presented in Fig. 2. Both the ordering temperature
and the relative intensity (proportional to the square of
the staggered magnetization) decrease with x. The sharp
upturn in intensity at low T that is apparent for the
x = 0.20 sample is identical to that found previously
for x = 0.12 [19,20], and is due to ordering of the Nd
moments via coupling to the Cu ions. The Nd ordering
provides a useful amplification of the Cu order.
Unfortunately, there is no such incidental amplification
of the charge-order peaks, which were already quite weak
for x = 0.12. An extremely weak signal was detected at
the expected position (2 + 2ǫ, 0, 0) for the x = 0.15 crys-
tal at 10 K, but it was not practical to determine its
temperature dependence. No search for a charge-order
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peak in the x = 0.20 sample was even attempted due
to the small size of the crystal (∼ 0.05 cm3) and to the
weakness of the magnetic signal. Nevertheless, even with-
out a direct observation of charge order (or, rather, the
corresponding lattice modulation to which neutrons are
sensitive), a modulation of the charge density is implied
by the incommensurate magnetic order. The argument
behind this assertion is as follows. The magnetic incom-
mensurability indicates there there exists a modulation of
either the spin orientations (spiral order) or the spin den-
sity [24]; a combination of these two is also possible. We
have argued elsewhere [20] that the secondary ordering of
the Nd moments is incompatible with perfect spiral order
of the Cu spins within a plane; therefore, there must be
a spin-density-wave component to the order. Symmetry
allows a spin modulation with wave vector q to couple
to a charge modulation at 2q. It follows that a charge-
density modulation must be present; the only real issues
concern the magnitude of the modulation and the driving
mechanism. In the case of x = 0.12, the neutron diffrac-
tion data indicate that the order is driven by the charge
[19,20,24]. There is nothing to suggest that the physics
is any different in the x = 0.15 and 0.20 crystals.
To test for superconductivity in the crystals (or pieces
thereof), the bulk magnetic susceptibility was measured
with a SQUID (superconducting quantum-interference
device) magnetometer, using a magnetic field in the range
of 1–5 G. Attempts to measure the Meissner effect (by
cooling in a magnetic field) yielded a weak paramagnetic
upturn at Tc. On the other hand, measurements per-
formed after cooling in zero field (see Fig. 3) give a shield-
ing signal > 100% (without correction for demagnetiza-
tion). Meissner-effect measurements on large samples are
notoriously difficult due to flux-pinning effects, whereas
shielding measurements tend to be less problematic [25].
We believe that the shielding results provide reliable ev-
idence of bulk superconductivity in the crystals. The
variation of Tc with x argues against associating the su-
perconductivity with an impurity phase.
There have been disagreements in the literature [26,21]
concerning the existence of bulk superconductivity in
La1.6−xNd0.4SrxCuO4 for x <∼ 0.2. In particular,
Bu¨chner et al. [21] have argued against bulk supercon-
ductivity on the basis of Meissner-effect and specific-heat
measurements. We have already mentioned the difficul-
ties with Meissner measurements. For the specific heat,
it is observed in the cuprates that the jump at Tc rapidly
becomes smeared as doping conditions deviate from opti-
mal [27]; hence, it is not surprising if a superconducting
transition is not readily apparent in specific-heat mea-
surements on a sample with a severely depressed Tc. As
a check on the present single-crystal results, a series of
ceramic samples was prepared. Shielding measurements
confirm the existence of bulk superconductivity, except
at x = 0.07, 0.115, and 0.12. The variation of Tc with x
is compared with the single-crystal results in Fig. 4(c).
The behaviors are reasonably consistent. The values of
Tc for single crystals of La2−xSrxCuO4 studied recently
by Yamada et al. [7] are also included (open circles).
The reduction of Tc induced by the Nd substitution
is correlated with a modification of the low tempera-
ture tilt pattern of the CuO6 octahedra [26]. The Nd
causes a change in the tilt direction from [110], as in the
low-temperature-orthorhombic (LTO) phase, to [100],
characteristic of the low-temperature-tetragonal (LTT)
phase, with the transition occuring at a temperature of
roughly 70 K. A coupling between the tilt modulation
and the charge-stripe correlations is possible only when
the tilts have a [100] orientation, parallel to the charge
modulation. One might expect that the degree to which
the charge modulations can be pinned would depend on
the amplitude of octahedral tilts. Bu¨chner et al. [21] have
shown that a useful measure of the tilt amplitude (or ac-
tually its square) is the maximum difference between a
and b lattice parameters in the LTO phase. The values of
b − a measured by neutron diffraction on our Nd-doped
crystals are shown as a function of Sr concentration in
Fig. 4(a); for comparison, the square of the staggered
magnetization (low-temperature magnetic peak intensity
normalized relative to the x = 0.12 result) is presented in
(b). The strength of the magnetic order is clearly corre-
lated with the size of the tilt modulation, consistent with
the pinning argument. The magnitude of Tc reduction is
also correlated with the tilt modulation. Superconduc-
tivity and stripe order compete with each other, but also
coexist.
Of course, the hole concentration also varies with x,
and this is reflected in the variation of the magnetic-peak-
splitting parameter, ǫ, as indicated by the filled circles in
Fig. 4(d). The open circles are the results of inelastic
measurements on crystals of La2−xSrxCuO4 by Yamada
et al. [7]. The trends with x are essentially identical, im-
plying that the nature of the instantaneous correlations
in the two systems is the same. The recent observation
[6] that high-energy spin fluctuations in La1.86Sr0.14CuO4
behave like damped spin waves certainly seems consistent
with the presence of stripe correlations. The only sign-
ficant difference between the crystals with and without
Nd appears to be the degree of pinning of the stripe cor-
relations. Fluctuations of the stripe correlations seem to
be important for achieving a high Tc.
Theoretically, calculations by Viertio¨ and Rice [28] in-
dicate that charged domain walls in a doped antifer-
romagnet will tend to melt due to quantum fluctua-
tions. This result is quite consistent with experiment:
no static stripe order is observed in optimally-doped
La2−xSrxCuO4. Quantum melting is inhibited only when
a sufficiently strong perturbation, such as that caused
by Nd substitution, is applied. The tendency of domain
walls to fluctuate has also been considered in other re-
cent studies [29,30]. Fluctuating stripe correlations seem
a likely explanation for the quantum critical behavior
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found in La1.86Sr0.14CuO4 by Aeppli et al. [5].
The spatial modulation of spin and charge densities in-
dicated by our results could be driven either by a Fermi-
surface-induced charge-density-wave (CDW) instability
or by frustrated phase separation. CDW order is gener-
ally stabilized by the opening of a gap about the Fermi
energy. Such a gap would seem to be inconsistent with
the low resistivity [22] and superconductivity in these
samples; furthermore, optical measurements show no ev-
idence for a gap in charge excitations down to 4 meV [31].
On the other hand, in the frustrated-phase-separation
model [13,32], the chemical potential should lie within a
band of mid-gap states, consistent with metallic behav-
ior. (An alternative strong-correlation model with charge
stripes is described in [33].)
To summarize, we have presented evidence that
superconductivity and charge-stripe order coexist in
La1.6−xNd0.4SrxCuO4, although the order parameters
compete with one another. For a given x, the spatial
modulation of the spin correlations is the same as in
La2−xSrxCuO4 [7], which indicates that the instanta-
neous correlations are essentially the same in the two
systems. There appears to be an intimate connection be-
tween stripe correlations and superconductivity in these
materials. It will be interesting to test the generality of
these results in other families of cuprate superconductors.
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FIG. 1. Scans along Q = (h, 1
2
, 0) through the mag-
netic peaks at h = 1
2
± ǫ measured on crystals of
La1.6−xNd0.4SrxCuO4 with (a) x = 0.12, (b) x = 0.15, and
(c) x = 0.20. Note that the measurements are not all at the
same temperature.
FIG. 2. Temperature dependence of the incommensurate
magnetic peak intensity for crystals with x = 0.12 (circles;
Ref. [20]), 0.15 (triangles), and 0.20 (squares). Intensities are
normalized for sample volume.
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FIG. 3. Bulk magnetic susceptibility measured after cool-
ing in zero field, for crystals with x = 0.12, 0.15, and 0.20.
The kink at 4 K for x = 0.20 is attributed to hysteresis in the
magnet.
FIG. 4. Comparison of results as a function of Sr concen-
tration: (a) difference between a and b lattice parameters in
the LTO phase measured just above the transition to the LTT
phase, (b) square of the low-temperature staggered magneti-
zation, normalized to the x = 0.12 result, (c) superconduct-
ing transition temperature, and (d) incommensurate split-
ting, ǫ. Filled symbols: La1.6−xNd0.4SrxCuO4; open symbols:
La2−xSrxCuO4 (Ref. [7]). Circles: single-crystal samples; di-
amonds: ceramic samples.
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